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The satellite experiment WMAP has produed for the rst time a high-overage, high-resolution
survey of the mirowave sky, releasing publily available data that are likely to remain unrivalled for
years to ome. Here we ompare the WMAP temperature power spetrum, along with an exhaustive
ompilation of previous experiments, to models of dark energy that allow for a traking epoh at the
present, deriving updated bounds on the dark energy equation of state and the other osmologial
parameters. Moreover, we omplement the analysis by inluding a oupling of the dark energy to
dark matter. The main results are: a) the WMAP data alone onstrain the equation of state of
traking dark energy to be wφ < −0.67(−0.49) to 68%(95%) (onning the analysis to wφ > −1),
whih implies for an inverse power-law potential an exponent α < 0.99(2.08); b) the dimensionless
oupling to dark matter is |β| < 0.07(0.13). Inluding the results from the supernovae Ia further
onstrains the dark energy equation of state.
I. INTRODUCTION
The WMAP satellite has just released the rst full sky maps produed after more than one year of operation
(Bennett et al. 2003). These data mark an important step in osmology: they represent in fat the rst publily
available multi-band high-resolution full-sky survey of the mirowave sky. The WMAP survey is likely to remain the
highest-quality CMB temperature anisotropy survey until the launh of the Plank satellite not earlier than 2007.
Although the exerise of parameter tting with eah new experiment has produed in the last few years a opious
literature, the new WMAP data are ertainly on a lass of its own and deserve to be taken fully into aount. Here
we address the question of what the rst year of WMAP data an tell us about the property of dark energy.
Five years after the rst observational hints about the existene of a dominant omponent of unlustered matter
with negative pressure (Riess et al. 1998, Perlmutter et al. 1999), the so-alled dark energy or quintessene (Wetterih
1988; Ratra & Peebles 1988; Frieman et al. 1995; Ferreira & Joye 1997; Caldwell et al. 1998), there are still very
few indiations as to its nature. The main reason, perhaps, is that we lak any spei theoretial suggestion on the
properties of the dark energy, i.e. on its self-interation potential and on how it interats with the other osmologial
omponents. Several works have tried to onstrain dark energy models with pre-WMAP high resolution CMB data,
leading to bounds on the dark energy equation of state. Unless strong priors on the other osmologial parameters
are imposed, however, these bounds turned out to be rather weak. In partiular, the Hubble onstant is strongly
degenerated with the dark energy present equation of state, wφ (Huey et al. 1999). For instane, with a at prior
h ∈ (0.45−0.9), Amendola et al. (2002) found that essentially all values wφ < 0 were allowed, while wφ = −0.65±0.2
if h = 0.65± 0.05. Similarly, adopting the HST value h = 0.72± 0.08 (Freedman et al. 2001) and using updated data
Melhiorri et al. (2002) found wφ ∈ (−0.45,−1.81) at 95% .l. (they inluded also values wφ < −1). Other works
that addressed the same issue inludes Corasaniti & Copeland (2002), Baigalupi et al. (2002). With pre-WMAP
data, only the imposition of a low value of h (e.g. h < 0.7) ould allow to distinguish dynamial dark energy from a
pure osmologial onstant (or, more preisely, from a uid possessing an equation of state lose to wφ = −1 at the
present).
In reality, all the onstraints for CMB presented in the literature on the dark energy equation of state are neessarily
somewhat model-dependent, sine the fundamental quantity, namely the angular-diameter distane to last sattering,
in general depends on wφ through two integrals over the osmi evolution that do not allow to distinguish among
dierent parameters along degeneray urves. Although at low ℓs the geometri degeneray ould in priniple be
broken by the ISW eet, the osmi variane and the weakness of the eet make this possibility unrealisti in most
ases. Here, as in several other works on the topis, we restrit therefore our attention to two lasses of models whih
are at the same time general (in the sense of overing most modelizations) and simple. The initial onditions are
hoosen so that the trajetories reah the traking solutions (notie that o-traking solutions are indistinguishable
from a osmologial onstant). First, we onsider dark energy as a salar eld with inverse power-law potentials
V ∼ φ−α (Ratra & Peebles 1988), whih reovers the exponential potentials for large values of α ; in this ase, the
equation of state at the present is roughly onstant
wφ =
pφ
ρφ
≈ −
2
α+ 2
(1)
2due to the traking mehanism (Steinhardt et al. 1999). This approximates also the ases in whih the dark energy is
a perfet uid with onstant wφ, sine the angular size of the aousti horizon depend on the equation of state only,
and inludes also the ases in whih wφ is the Ωφ-weighted average of a slowly-varying funtion wˆφ(a) (see e.g. Doran
et al. 2001).
The WMAP team analysed their power spetrum inluding dark energy with a onstant equation of state (and
no oupling). They found for the equation of state wφ < −0.5 with CMB data alone and wφ < −0.78 inluding
supernovae (Spergel et al. 2003). Although dark energy with an inverse power-law potential has an equation of state
whih is onstant only near the present epoh, we will reover very similar results for this lass of models, as expeted.
In the seond lass we inlude models of dark energy oupled to dark matter (Amendola 2000; Amendola et al.
2002). This lass of models, in whih we inlude the onformally related Brans-Dike Lagrangians, has been widely
studied in the ontext of dark energy (Uzan 1999, Chiba 1999, Chen & Kamionkowski 1999, Baigalupi et al. 2000,
Holden & Wands 2000, Chimento et al. 2000, Billyard & Coley 2000, Bean & Magueijo 2000, Esposito-Farese &
Polarsky 2001, Sen & Sen 2001, Gasperini et al. 2002, Pietroni 2002) It is important to stress that the behavior of
oupled dark energy annot be modeled simply by some hoie of the equation of state for φ beause the interation
indues on dark matter an eetive equation of state dierent from zero. In this ase dark energy mediates a long-
range salar interation that modies the gravity felt by dark matter partiles through a Yukawa-type term (Damour
et al. 1990). On Newtonian sales, the interation simply renormalizes Newton's onstant for dark matter
G′ = G(1 +
4β2
3
) (2)
where β is the dimensionless oupling, while the baryons remain unoupled (or very weakly oupled, as required
by experimental onstraints, see e.g. Hagiwara et al. 2002). Then, dark energy eetively violates the equivalene
priniple, but in a way that is loally unobservable. For as onerns us, the main eet of the oupling is to indue an
exhange of energy between the two dominating dark omponents so that, after equivalene but before aeleration,
the universe enters a regime in whih not only the equation of state (as in the traking ase) but also the density
parameters Ωm,Ωφ are onstant. In Amendola (2001) this regime was alled φMDE, to remark the fat that matter is
not the only dominating omponent. This epoh ends when the dark energy enters the traking regime, the potential
energy takes over and aelerates the expansion. During φMDE we have Ωφ = 4β
2/3 and an eetive equation of
state for the oupled uid dark matter/dark energy
we =
ptot
ρtot
=
4β2
9
(3)
Note that this behavior is an example of early quintessene (Caldwell et al. 2003), in whih the dark energy density
is not negligible at last sattering. Sope of this paper is to onstrain both equations of state, the present one,
wφ and the past one, we. This will put limits on the two fundamental parameters α, β. A value α 6= 0 would
imply that the dark energy is not a pure osmologial onstant, while a value β 6= 0 would imply a large-sale
violation of the equivalene priniple. In the following we will use interhangeably the parameters wφ, we or α, β.
In Fig. 1 we ompare the bakground trajetories for the unoupled (β = 0) and oupled (β = 0.1) ases, assuming
α = 1, ωb = 0.02, ωc = 0.1, h = 0.7. Notie the plateau of onstant Ωφ in the oupled model.
We start with assuming no oupling, β = 0, and varying wφ along with h, ωc = Ωch
2, ωb = Ωbh
2
and the slope ns of
the primordial utuations. Then we inlude β and onstrain both wφ and we. We assume a at spae throughout.
Notie that our Ωc refers to old dark matter only, so that the total matter ontent is Ωm = Ωb +Ωc.
II. DATA AND METHOD
The lass of models onsidered in this paper is the same as in Amendola et al. (2002). We ompare the models to the
ombined power spetrum estimated by WMAP (Hinshaw et al. 2003). To derive the likelihood we adopt a version
of the routine desribed in Verde et al. (2003), whih takes into aount all the relevant experimental properties
(alibration, beam unertainties, window funtions, et). Sine the likelihood routine employs approximations that
work only for spetra not too far from the data, we run it only for models whose χ2 is less than four times the degrees
of freedom. We experimented with inreasing the χ2 ut and found no important variations.
We also ompare the data to the whole set of pre-WMAP data. To do this, we use the power spetrum provided by
Wang, Tegmark and Zaldarriaga (2002), whih is a ompression of essentially all the available data up to mid-2002
in 25 ℓ-bins from ℓ = 2 to ℓ = 1700, omplete of orrelation matrix and window funtions (alibration and beam
unertainty are inluded in the orrelation matrix). The main entries in this ompilation are COBE (Bennett et al.
1996), Boomerang (Nettereld et al. 2002), DASI (Halverson et al. 2002), Maxima (Lee et al. 2002), CBI (Pearson et
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Figure 1: Behavior of the energy densities for the oupled (β = 0.1, top) and unoupled (β = 0, bottom) model. Notie, in the
oupled ase, the φMDE in whih Ωφ is almost onstant and dominated by the kineti energy of the salar eld. The label T
denotes the traking behavior, the label A denotes the nal future attrator.
al. 2002), VSA (Sott et al. 2002). To this we add Arheops (Benoit et al. 2002) with its orrelation matrix, window
funtions, beam and alibration unertainties. For the pre-WMAP data we assumed no reionization (τ = 0) beause
this was the best t before WMAP.
For the pre-WMAP data we integrated out analytially the alibration and beam unertainties and the overall
normalization. Let us denote with Ne, σe, σw,e the orrelation matrix, the alibration unertainty and the beam
unertainty, respetively, of the e-th experiment, and with Ie = {1, 1, 1, ..., } a vetor of dimension equal to the
number of bins in the e-th experiment. Moreover, let Cℓ,t′ be the theoretial CMB spetrum binned in the ℓ-th bin
with the experimental window funtion. Then one gets the remarkably simple likelihood funtion (see Appendix)
L = exp
[
−
1
2
(
γ −
β2
α
)]
(4)
where
α =
∑
e
ITe M
−1
e Ie (5)
β =
∑
e
ITe M
−1
e (Zt − Zd) (6)
γ =
∑
e
(Zt − Zd)
TM−1e (Zt − Zd) (7)
where the matrix Me is
Me = (C
T
ℓ,dCℓ,d)
−1Ne + σ
2
eI
T
e Ie + σw,eA
TA (8)
4and where Zt = log(Cℓ,t′) and Zd = logCℓ,d and where the vetor A expresses the dependene on ℓ of the beam
unertainty (in the ase of a Gaussian beam, A = {ℓ21, ℓ
2
2, ..., ℓ
2
i }). This is the likelihood we use for the pre-WMAP
data.
Our theoretial model depends on two salar eld parameters, four osmologial parameters and the overall nor-
malization:
α, β, ns, h, ωb, ωc, A. (9)
As antiipated, to save omputing time we found it neessary to restrit the analysis to a at spae; moreover, we
xed the optial depth to τ = 0.17, the best t found by MAP (Spergel et al. 2003). We derived the likelihood also
for τ = 0.1 and found no signiative dierenes for as onerns the two dark energy parameters α, β. The initial
onditions for the salar eld are found iteratively for eah set of osmologial parameters. The overall normalization
has been integrated out numerially. Sine α, β determine uniquely the present and past equations of state, we will
present the likelihood also as funtion of wφ, we . We alulate the theoretial Cℓ,t spetra by a modied parallelized
CMBFAST (Seljak & Zaldarriaga 1996) ode that inludes the full set of oupled perturbation equations (see Amendola
2000 and Amendola & Tohini-Valentini 2001). The other parameters are set as follows: Tcmb = 2.726K, YHe =
0.24, Nν = 3.04.
We evaluated the likelihood on two grids of roughly 50, 000 models eah (for eah normalization): a sparse grid that
overs a broad volume was used as a preliminary exploration; a seond denser grid entered on the peaks of the rst
was then used for the atual alulations. For the rst grid we adopted the following top-hat broad priors: β ∈ (0, 0.3),
α ∈ (0.25, 20), ns ∈ (0.8, 1.2), ωb ∈ (0.005, 0.04), ωc ∈ (0.05, 0.3) . For the Hubble onstant we adopted the
top-hat prior h ∈ (0.5, 0.9); we also employed the HST result (Freedman et al. 2001) h = 0.72± 0.08 (Gaussian prior)
but found only minor dierenes, sine the WMAP results are already very lose to the HST distribution. The same
age onstraint (> 10 Gyr) used in most previous analyses is adopted here.
III. UNCOUPLED TRACKING DARK ENERGY
We begin by putting β = 0 and assuming V (φ) = Aφ−α. In Fig. 2 we show the likelihood for eah parameter,
marginalizing in turn over the others. The dotted line is for the HST prior h = 0.72± 0.08. Notie that, due to the
degeneray between wφ and h, the limits on wφ are rather weak, espeially if no prior is assumed. The numerial
results are in Table I. Here and in the following the limits are always at the 68%(95%) .l. while the errors are at
68% .l.. As expeted, we nd results very lose to those in Spergel et al. (2003). The small residual dierenes are
probably due to the fat we use a grid instead of a Markov hain and x τ instead of marginalizing over it.
parameter WMAP WMAP+HST
wφ < −0.68(−0.51) < −0.73(−0.55)
α < 0.94(1.92) < 0.74(1.64)
h 0.69+0.04
−0.05 0.70
+0.03
−0.05
ns 1.01±0.022 1.01±0.022
ωb 0.0247±0.001 0.0247±0.0008
ωc 0.12
+0.02
−0.01 0.12
+0.015
−0.01
Table I. Unoupled dark energy.
IV. COUPLED DARK ENERGY
In the at onformal FRW metri ds2 = −dt2 + a2dxidx
i
the salar oupling modies the onservation equations
of dark matter and dark energy as follows:
φ¨+ 3Hφ˙+ a2U,φ = Cρc, (10)
ρ˙c + 3Hρc = −Cρcφ˙, (11)
where H = a˙/a. We assume that the baryons are not diretly oupled to the dark energy (otherwise loal gravity
experiment would reveal a fth fore, see Damour et al. 1990; the radiation is automatially unoupled with this
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Figure 2: Likelihood funtions for unoupled dark energy models, in arbitrary units. In eah panel the other parameters have
been marginalized. The dotted lines are for the HST prior on the Hubble onstant. The horizontal long-dashed lines are the
ondene levels at 68% and 95%. The vertial long-dashed lines in the panel for wφ mark the upper bounds at 68% and 95%
ondene levels.
oupling, see e.g. Amendola 1999). The dimensionless oupling
β2 =
3C2
16πG
, (12)
an be seen as the ratio of the dark energy-dark matter interation with respet to gravity (Damour & Nordtvedt
1993, Wetterih 1995). In Amendola (2001) we have shown that the dynamis of the system is insensitive to the sign
of β, sine the φMDE and the traking phases do not depend on it. We will onsider only β > 0.
It is important to observe that the CMB bounds on β depend on the existene of the φMDE. This epoh has
several features that distinguish it from traking: it is very long (from equivalene to z ≈ 10); it depends only on the
kineti energy of the dark energy, and therefore is independent of the dark energy potential; it annot be avoided even
assuming an extremely small initial dark energy density (ontrary to the traking that may be avoided by seleting
initial onditions with very low salar eld energy  the so-alled undershooting trajetories ). Most importantly, as
shown in Amendola et al. (2002), suers less from the geometrial degeneray that plague wφ, sine Ωφ at deoupling
is non-zero (although there still is a degeneray β − h in the sense that larger h are ompensated by larger β).
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Figure 3: Likelihood ontour plots in the spae wφ(tracking),we(φMDE) (or α, β) marginalizing over the other parameters at the
68,95 and 99% .l..
In Fig. 3 we show the likelihood for wφ, we, marginalizing over the other parameters. We nd the following
onstraints at 95% .l.:
α < 2.08, β < 0.13. (13)
Notie that this implies that an exponential potential (orresponding to α → ∞) is rejeted even for β 6= 0. In
plae of α and β we an use as well as likelihood variables the equation of state during traking and during φMDE,
respetively, using Eqs. (1) and (3). Then we obtain at the 95% .l.-
− 1 ≤ wφ(tracking) < −0.49, 0 ≤ we(φMDE) < 0.0075. (14)
This shows that the eetive equation of state during φMDE, i.e. between equivalene and traking, is lose to zero
(as in a pure matter dominated epoh) to less than 1%. The striking dierene between the level of the two onstraints
in (14) indiates that the CMB is more sensitive to the dark energy oupling than to its potential, as emphasized in
Amendola et al. (2003). In Fig. 4 we report the likelihood for all the parameters, ontrasting the WMAP estimation
with the pre-WMAP one (the limit on β stated in Amendola et al. 2003 was slightly dierent beause here we inlude
more pre-WMAP data). As it an be seen, WMAP puts quite stronger limits on wφ and on β. In partiular, the
likelihood for wφ now vanishes for wφ > −0.4.
The other parameters are given in Table II. It appears that the limits on the osmologial parameters ns,ωb, ωc are
almost independent of β, while a non-zero β favors higher h. The degeneray β − h is reported in Fig. 5.
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Figure 4: Marginalized likelihood for traking trajetories. The solid urves are for the WMAP data, the short-dashed urves
are for the HST prior, and the dotted urves in the panels for wφ and β for the pre-WMAP ompilation . The horizontal
long-dashed lines are the ondene levels at 68% and 95%. The vertial long-dashed lines in the panel for wφ mark the upper
bounds at 68% and 95% ondene levels.
parameter WMAP WMAP+HST pre-WMAP
wφ < −0.67(−0.49) < −0.69(−0.52) < −0.50(−0.25)
α < 0.99(2.08) < 0.90(1.84) < 2.0(6.0)
we < 0.0025(0.0075) < 0.0023(0.0075) < 0.0075(0.016)
β < 0.075(0.13) < 0.072(0.13) < 0.13(0.19)
h 0.73± 0.05 0.73± 0.04 >0.62(0.55)
ns 1.019± 0.025 1.018±0.025 0.97±0.03
ωb 0.0247± 0.0008 0.0250±0.0008 0.021±0.003
ωc 0.123± 0.016 0.120± 0.016 0.12±0.04
Table II. Coupled dark energy.
In Fig. 6 we show the ontour plot of the likelihood L(Ωm, wφ), where Ωm = Ωc+Ωb, marginalizing over the other
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Figure 5: Likelihood for β, h. This shows the residual degeneray between the two parameters due to the geometri degeneray
in the angular diameter distane to last sattering.
parameters. We also add the ondene region from the Hubble diagram of SNIa (we used the t C of Perlmutter et
al. 1999, plus the supernova SN1997 at z ≈ 1.75 , Benitez et al. 2002). The produt of the two likelihood funtions
is shown in the same gure. It turns out that Ωφ = 0.67± 0.05 and wφ < −0.76 (95%.l.) (see Fig. 7). The limit on
wφ is very lose to that obtained in Spergel et al. (2003): this shows that this bound is almost independent of the
oupling β.
V. CONCLUSIONS
CMB observations are a powerful probe to onstrain the properties of dark energy. In partiular, sine a dark
matter-dark energy interation would obviously esape any loal gravity experiment, osmologial observations like
the CMB are the only way to observe suh a phenomenon. Sine observations require the baryons to be deoupled
from dark energy (or oupled muh more weakly than dark matter), the searh for a non-zero oupling β is also a test
of the equivalene priniple. We found that urrent CMB data are apable to put an interesting upper bound to the
present dark energy equation of state (all limits to 95% .l.)
wφ < −0.49, (15)
whih beomes < −0.76 taking into aount SNIa data (let us remember that in our traking models wφ is onned
to be ≥ −1) and to the total dark energy density,
Ωφ = 0.67± 0.05. (16)
For the dark matter - dark energy oupling we obtain:
|β| < 0.13, (17)
regardless of the potential (within the traking lass we onsidered), orresponding to a past equation of state 0 ≤
we(φMDE) < 0.0075. This implies that the salar gravity is at least 1/β
2 ≈ 60 times weaker than ordinary tensor
gravity. As shown in Amendola (1999), the limit on β an be restated as a limit on the onstant ξ of the non-minimally
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Figure 6: Contour plot of the likelihood funtion L(Ωm, wφ). The dotted lines are for WMAP only, the thik gray lines for the
supernovae Ia, and the gray regions are for the ombined WMAP+SNIa (all ontours at the 68% and 95% ondene levels).
oupled gravity, ξ < 0.01. We have shown in Amendola et al. (2003) that an experiment like the Plank mission an
lower the upper bound to β to 0.05. a limit omparable to the onstraint that loal gravity experiments impose on
the salar gravity oupling to baryons, β2baryons < 10
−3
(see e.g. Hagiwara et al. 2002).
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Appendix
Suppose we have the binned observational spetra C′ℓ,d = (1+be)Cℓ,d and the binned theoretial spetra C
′
ℓ,t = bˆtCℓ,t
from a given experiment labelled e, where be is a alibration fator whih is assumed to be distributed as a Gaussian
with zero mean and variane σe and bˆt is the overall theoretial normalization, whih is uniformly distributed in
(0,∞). Let Ne be the orrelation matrix for the e-th experiment and
N ′e = (C
T
d Cd)
−1Ne (18)
the approximated orrelation funtion for the lognormal variables Z ≡ logC (here and in the following we suppress
for larity the indexes ℓℓ′ of the orrelation matries and the index ℓ from the vetors Z,Ct, Cd) . If the assumed
likelihood is log-normal then we an integrate out be as follows
Le =
∫ ∏
e
dbee
−
1
2 (
be
σe
)
2
× (19)
exp
{
−
1
2
∑
e
[Z ′t − be − Zd]N
,−1
e [Z
′
t − be − Zd]
}
=
∫
dbt
∏
e
Le (20)
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Figure 7: Likelihood for Ωm and wφ inluding the onstraints from supernovae Ia (marginalizing over all the other parameters,
inluding β).
where Z ′t = log bˆtCt and be ≈ log(be + 1), Zd = logCd (for small be) so that
Le = exp
[
−
1
2
(Z ′t − Zd)W
−1
e (Z
′
t − Zd)
]
(21)
where
We = (C
T
d Cd)
−1Ne + σ
2
eI
T I
where I = (1, 1, 1, ..., ne), ne being the number of datapoints in the e-th experiment. Note in fat that (Woodbury
formula, see e.g. Melhiorri et al. 2002)
(N +XXT ) = N−1 −
[
N−1X(1 +XTN−1X)−1XTN−1
]
whih gives the above if X = σeI.
Suppose now the experimental spetra are distorted by a further ℓ-dependent fator (1+weAℓ) due to the unertainty
on the beam angular size, where w is a random variable distributed as a Gaussian with variane σw,e and Aℓ is a
11
onstant vetor determined by the experiment. Then eah likelihood Le should be further integrated as follows
L′e =
∫
dweLe =
∫
dwee
−
1
2
(
we
σw,e
)
2
× (22)
= exp
[
−
1
2
(weA+ Z
′
t − Zd)W
−1
e (weA+ Z
′
t − Zd)
]
(23)
(24)
where, on applying again the Woodbury formula,
L′e = exp
[
−
1
2
(Z ′t − Zd)M
−1
e (Z
′
t − Zd)
]
(25)
where
Me = (C
TC)−1Ne + σ
2
eI
T I + σ2w,eA
TA (26)
In the ase of a Gaussian beam of angular size θ0 the spetrum is multiplied by a fator e
ℓ2θ2
0
. It an be seen then that
a small misestimate θ (assumed to be distributed as a Gaussian variable with variane σθ ) of the beam size indues
a orretion on the spetrum at the ℓ − th bin by a fator [1 + ℓ2(θ20 − θ
2)] = 1 + wℓ2, where the random variable
w ≈ 2θ0(θ0 − θ) is also Gaussian and has unertainty σw = 2θ0σθ. The vetor Aℓ an be approximated then as ℓ
2
.
Finally, we integrate over bt = log bˆt. Then we have Zt = bt + Z
′
t and
L =
∫
dbt
∏
e
L′e(bt) =
∫
∞
−∞
dbt exp
[
−
1
2
∑
e
(bt + Zt − Zd)M
−1
e (bt + Zt − Zd)
]
(27)
= exp
[
−
1
2
(
γ −
β2
α
)]
(28)
(29)
where
α =
∑
e
ITM−1e I
β =
∑
e
ITM−1e (Zt − Zd)
γ =
∑
e
(Zt − Zd)
TM−1e (Zt − Zd)
whih is the formula we use in this paper for the pre-WMAP data.
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